Loosely associated material (IAM) was isolated by gentle extraction procedures from the cell surface of Lactococcus lactis subsp. cremoris E8 and its phage-resistant variant strain 398. LAM from both strains was chemically characterized, and its role in the adsorption of three small isometric bacteriophages, 618, 833, and 852, to the cell surface of the two strains was investigated. The phage-resistant strain (strain 398) produced LAM which differed significantly from the material produced by the parent strain. The total yield of LAM from strain 398 was two-to threefold higher than that from strain E8, and the material contained fivefold more rhamnose and twofold more galactose. Polyacrylamide gel electrophoretic analysis showed that LAM from strain 398 lacked a 21-kDa protein which was present in LAM from the parent strain. Inhibition studies of phage binding by using isolated LAM from two strains showed that although LAM from strain E8 reduced the titer of 618 and 4) 852 by 53 and 82% respectively, LAM from strain 398 had no effect on the plaque-forming ability of any of the three phages tested. Treatment of LAM from strain E8 with sodium metaperiodate destroyed its ability to bind with 618 and 852. Phenotypically, strain 398 differed from its parent strain E8 in that it was more prone to cell lysis and required an osmotically adjusted buffer system for the extraction of LAM.
Lactococci are an important group of microorganisms for the dairy manufacturing industry, where they are used as starter cultures to initiate milk fermentation. One of the major causes of failed fermentation and consequential loss of product in cheese manufacture is bacteriophage infection of the starter cultures. Traditionally, the industry has routinely countered this problem by physical exclusion of phages with strict hygiene and sanitation procedures (7) and by the development of commercial starter culture practices which decrease phage-related problems (9) . However, these practices minimize rather than eliminate the risk of phage infection. More effective and sustainable solutions to this problem require a basic understanding of the process of phage infection.
The prerequisite to any successful phage infection of a bacterial cell is the specific recognition by the phage of a receptor molecule on the host cell. Molecular interactions between bacteriophages and gram-negative bacteria, particularly Eschenchia coli, have been extensively studied (for a review, see reference 10). The phage receptors in these organisms include cell wall lipopolysaccharides and specific outer membrane proteins. However, in gram-positive bacteria, with one notable exception (19) , it is invariably the cell surface carbohydrates that are involved in phage adsorption, such as in Bacillus subtilis (33) , Streptococcus pyogenes (3, 8) , and Lactobacillus casei (11, 30, 32) . One of the earliest reports of the nature of phage receptors in lactic streptococci appeared more than 20 years ago when Oram (19) demonstrated the involvement of membrane protein in phage adsorption in Streptococcus lactis ML3. Recently, much attention has been paid to the phage resistance mechanisms of lactic acid bacteria (for reviews, see references 14 but data on the biochemical characterization of phage receptors in lactococci remain rudimentary.
In the last few years there has been a renewed interest in defining the mechanism(s) of phage adsorption in starter lactococci (17, 21-24, 28, 29) . Most of these studies, however, have used either isolated cell walls or membrane fractions to identify cell surface components involved in phage adsorption. This approach ignores the role of noncovalently bound extracellular material in phage recognition, since most of this material is lost during the procedures used to isolate the cell walls. The present study reports the isolation and characterization of a material which is loosely associated with the cell surface of two strains of Lactococcus lactis subsp. cremoris (strain E8 and its phage-resistant variant strain 398). This material may represent the outermost layer of the cell envelope, and we show that it actively interacts with the phage, which suggests that it may be involved in phage adsorption.
MATERIALS AND METHODS
Organisms and culture conditions. All strains of bacteria and bacteriophages were from the culture collection held at the New Zealand Dairy Research Institute. L. lactis subsp.
cremoris 398 was derived previously from L. lactis subsp.
cremoris E8 by phage challenge as described by Limsowtin and Terzaghi (16) . Static batch cultures were grown at 30°C in autoclaved reconstituted skim milk (RSM) buffered with P-glycerophosphate solution (autoclaved and added separately at 23 g/60 ml of H20 in 1 liter of sterilized RSM [27] (6) . Protein was estimated by using the Bio-Rad DC protein assay kit (based on the Lowry method), and total phosphate was estimated by the method of Ames and Dubin (1) . LAM was treated with sodium metaperiodate as described by Schafer et al. (21) . Fructose-1,6-bisphosphate aldolase activity was measured by the method of Crow and Thomas (5) .
RESULTS
Extraction of LAM. The phage-resistant variant of L. lactis subsp. cremons (strain 398) produced a soft and slimy pellet on centrifugation at 12,000 x g, whereas the parent strain (strain E8) produced the normal hard pellet. Strain 398 was a preexisting mutant of strain E8, and its properties have been characterized previously (16) . Part of the reason for this mucoid character of strain 398 was an increased tendency of the cells to lyse. Initially, the method and conditions described by Coolbear et Composition of LAM. There was a significant difference in the yield of LAM from the two strains; strain 398 produced between two and three times more material than did the parent strain E8. In strain 398 LAM typically accounted for between 6 and 10% of the total dry weight of the cells, whereas in strain E8 the value was between 2 and 3% ( Table  2) . Of the three components measured, protein was a major component of LAM in both strains, accounting for between 40 and 54% of LAM in strain 398 and between 40 and 42% in strain E8. Carbohydrate accounted for only 8 to 11% of LAM in strain 398 and 6 to 8% in strain E8. The other component measured was phosphate, which made up 10 to 12% of LAM in strain 398 and up to 13% in strain E8.
Analysis of the proteins of LAM. From the protein profile of LAM on SDS-polyacrylamide gels, there was one distinct protein band present in LAM from E8 that was absent from the LAM extracted from the phage-resistant strain 398 (Fig.  1) showed qualitatively similar banding patterns, with the major protein species having a relative molecular mass of 19 kDa. Other prominent common bands gave relative molecular masses of 22, 24, and 30 kDa. A high-molecular-mass band was detected in both strains when the gels were stained for glycoproteins with Schiff's periodate stain (gel not shown). It was difficult to assess the apparent molecular mass of this band because it was highly diffused and migrated minimally into the separating gel.
Monosaccharide composition of LAM. Total acid hydrolysates of LAM were analyzed both quantitatively and qualitatively for the component monosaccharides by gas-liquid chromatography and liquid chromatography. The two methods indicated that only five sugars were present in both strains, with glucosamine being the major monosaccharide. Other component sugars detected were rhamnose, galactosamine, galactose, and glucose. Data from liquid-chromatographic analysis only are presented in Table 3 and show significant differences in the molar ratio of component sugars. The levels of rhamnose and galactose were particularly high in strain 398, representing 173.8 and 79.9 ,ug/100 mg (dry weight) of cells, respectively, compared with 37.6 and 44.7 F±g/100 mg (dry weight) of cells, respectively, in strain E8. The molar ratios of rhamnose/galactosamine/glucosamine/ galactose/glucose for the two strains were 2.2:0.3:1.2:0.9:1 for strain 398 and 0.6:0.08:1.1:0.65:1 for strain E8.
Inhibition of phage binding by LAM from the two strains. LAM from the phage-resistant strain 398 and the phagesensitive strain E8 was tested for its ability to inhibit the binding of (F 618, (F 833, and (F 852 to the sensitive E8 cells. Results of these experiments are summarized in Table 4 .
LAM from strain 398 did not inhibit the binding ability of the three phages tested, whereas LAM from the parent strain showed different results with different phages. At the higher concentration tested, LAM from strain E8 inactivated 81% of (F 852 and 53% of (F 618 (16) after the parent strain was challenged by the small isometric phage (F 852 in milk cultures. Since its isolation, strain 398 has retained its resistance against (F 852, as well as a number of other phages with similar morphology, including (F 618 and (F 833. The parent strain E8 remains sensitive to these three phages. Further work with these strains has shown that the resistance was due to the inability of the phages to bind to the variant strain (8a). This result has suggested that the cell surface of strain 398 is different from that of its parent strain E8.
One notable phenotypic change observed in strain 398 compared with the parent strain is an inability to form a firm (17) .
The chemical analysis of the carbohydrates of LAM from both strains showed the presence of the same monosaccharides. The sugars found, namely rhamnose, galactosamine, glucosamine, glucose, and galactose, are widespread in bacterial exopolysaccharides (25) . Cell walls of a number of strains of lactococci (17, 28) and Lactobacillus casei (11, 30, 31) also have similar monosaccharide composition. There was a significant difference, however, in the composition of LAM carbohydrate with respect to the amount of rhamnose and galactose in the two strains. The phage-resistant variant strain 398 contained almost fivefold more rhamnose and twofold more galactose than did the parent strain (Table 3) . In a study of the cell walls of phage-resistant mutants of L. lactis subsp. cremoris KH, Valyasevi et al. (28) showed that galactose and rhamnose were essential for the binding of a number of phages. The loss of galactose and rhamnose from the cell wall polysaccharides of phage-resistant mutants resulted in loss of phage adsorption. Rhamnose has also been implicated as a determinant of phage receptor in other studies of Lactobacillus casei (11, 31) . It is possible that LAM is a defense mechanism for strain 398. Overproduction of material enriched in monosaccharides believed to be involved in phage adsorption could inactivate the phages before they interact irreversibly with discrete cell surfacebinding sites. Lucey et al. (17) reached similar conclusions in their study of strains of L. lactis subsp. cremoris containing plasmid pCI528. They found that plasmid-containing phage-APPL. ENVIRON. MICROBIOL.
on July 6, 2017 by guest http://aem.asm.org/ Downloaded from resistant strains produced a cell surface material that had elevated levels of galactose and rhamnose. In the present study, however, this possibility seems unlikely because it has been demonstrated here that the LAM isolated from strain 398 showed a complete lack of ability to bind to any of the three phages tested (Table 4) . Material isolated from the parent strain could, however, inactivate 82% of (F 852 particles and 53% of (F 618 particles. This result suggests that the changes in strain 398 have most probably resulted in the production of LAM that has a chemical structure different from that of LAM of the parent strain and does not interact directly with the phage particle against which the strain was originally selected.
The ability of LAM from strain E8 to inactivate the phages was completely lost after treatment with sodium metaperiodate. This suggests that the polysaccharide portion of the LAM is critical for phage binding.
The disappearance of a 21-kDa protein band (Fig. 1 ) from the LAM of strain 398 is interesting, but it is unclear whether this protein plays any role in phage adsorption. There is, however, evidence in the literature which suggests a role for cell surface proteins in determination of the agglutination characteristics and cell surface hydrophobicity of streptococci (12, 18) and a role for membrane proteins in phage adsorption in lactococci (19, 29) . This is the first study in which methods have been developed specifically for the isolation of component(s) of the lactococcal cell surface which constitute the outermost layer of the organism and therefore present a first point of contact for bacteriophages. In this study we investigated the chemical composition of this layer and showed that the material may be functionally significant in bacteriophage interaction and in inhibition of phage adsorption by undergoing structural modifications.
